The equivalence of quasi-static indentation and low-velocity impact loading regimes has been assessed for composite overwrapped pressure vessels. Test specimens were assessed in detail in terms of the force-displacement response, and micro-focus computed tomography was used for qualitative and quantitative assessment of the associated damage to the constituent materials/interfaces. The results show that the force-displacement response follows an essentially similar pattern between the two loading regimes (within 10% for all cases). Quantitative assessment of the projected composite damage area and permanent deformation of the aluminium substrate as a function of peak indentor displacement also showed a high degree of equivalence between the loading regimes. It is concluded that quasi-static indentation represents a usable analogue for mechanistic assessment of low-velocity impact damage in the tested composite overwrapped pressure vessels.
Introduction
The safe storage and transportation of gas is essential to many industries, including alternative fuel vehicles, bulk gas transportation, medical and emergency breathing apparatus. As such, there is a clear demand to increase the efficiency of storage by increasing gas pressures whilst decreasing the weight of the storage vessel itself. Composite overwrapped pressure vessels (COPVs) are of hybrid construction, combining multiple material systems, offering superior performance in comparison to metallic pressure vessels. Contemporary designs typically include a lightweight monolithic liner material (metallic or polymeric), with various combinations of fibre (carbon, glass, aramid) and winding patterns (hoop, longitudinal, intermediate).
Incidental loading in the radial direction, such as low-velocity impact (LVI), is of concern for subsequent structural integrity. Gaining a greater understanding of the impact response and post-impact performance of such hybrid composite structures is a key challenge, with relatively few analyses reported in Barthelemy et al., 1 particularly when considered against the body of work addressing the related problem of impact and post-impact behaviour of conventional composite plates. 2, 3 Instrumented impact tests provide a valuable characterisation tool for material and structural responses during impact, potentially identifying the occurrence of damage events such as delamination and fibre fracture. 4 However, interpretation of the results can be challenging due to the complexity of the potential failure modes and the structural dynamics, including resonances originating from the support structure, specimen and impactor. 5 Further to this, in LVI testing only a final damage state can usually be assessed following the impact. The use of quasi-static indentation (QSI) tests as an analogue for LVI offers several attractive Faculty of Engineering and the Environment, University of Southampton, UK characteristics, such as removing resonance effects seen under dynamic conditions, and facilitating direct control of the force or displacement applied to the specimen. Further to this, QSI tests can be interrupted, facilitating time-resolved studies of the sequence of damage development throughout loading. 6 Using QSI tests to simulate LVI requires an acceptable level of equivalence to be demonstrated. It is widely reported that there is broad equivalence between QSI and LVI loading conditions in composite plate specimens. [7] [8] [9] However, differences have also been reported based on the specimen stiffness 10 and material system. 11 Whilst the vast majority of research has been conducted on plate specimens, some authors have considered the similarity of the two loading regimes in composite materials in tubular geometries. Alderson and Evans 12 considered the equivalence of QSI and LVI in GFRP pipes of 162 mm outside diameter (OD) in two support conditions. The force-displacement response showed agreement between the two loading conditions in both floor and end-cradled support conditions. However, the resulting damage area indicated some dependence on the support condition; specimens supported on end cradles showed stronger agreement between QSI and LVI than floor support conditions. Curtis et al. 13 also tested GFRP pipes of similar OD, but of thinner wall thickness, in a floor support condition; in these tests equivalence between QSI and LVI was demonstrated both in terms of force-displacement response and residual strength of the specimens.
In the case of COPVs the presence of multiple materials, a non-symmetrical composite layup and a residual stress state may be expected to result in a more complex impact response compared to plate or tubular structures made of a single composite material. 14 In COPVs many damage mechanisms may be anticipated, such as fibre breaks, delamination, intra-laminar cracks, metallic yield and interface debonding between the different material layers. Kobayashi and Kawahara 15 used both QSI and LVI tests to assess the effect of composite stacking thickness in hoop-wrapped COPVs, in which similarities between QSI and LVI were demonstrated, based on a simple metric of damage depth at a specific impact energy. A detailed assessment of the equivalence of QSI and LVI loading regimes across the full range of damage mechanisms and load-displacement response has not been reported.
The presence of the internal aluminium layer in the COPVs under consideration in the present study provides a different boundary condition for the composite layers compared to that in the entirely composite tubes. 12, 13 Specifically, mechanisms such as metallic yield and separation between the metallic and composite plies can be expected to have an effect on the global bending stiffness of the specimens as damage develops throughout the loading process. This variable boundary condition supporting the composite may also have an effect on the relative contribution of contact and bending stresses to the overall response, which has been shown to be important in the comparison of QSI and LVI in other systems. 10 Previous work by the authors utilised micro-focus X-ray computed tomography (mCT) for detailed subsurface damage assessment at a series of intervals throughout an interrupted QSI test, describing the progression of damage mechanisms in COPVs. 16 In this study instrumented impact tests were completed at impact energies resulting in comparable peak force and displacements to the QSI tests in order to assess the equivalence of both the load response and the nature and quantitative extent of the resulting damage. The contribution of each material system to the overall impact response and the initiation and progression of different damage mechanisms within a COPV is assessed.
Method and materials QSI
QSI tests were conducted on an Instron TM 5569 electromechanical test machine, a schematic diagram of the QSI test setup is presented in Figure 1 . A 16 mm hemispherical indentor was used. Test specimens were supported with a 150 mm long steel block with a shallow angle V-groove (145 ) for central location of the cylindrical cross-section. Force-displacement data were recorded during the loading and unloading phase of the test at a loading rate of 2 mm/min for all tests. Displacement measurements were taken at the crosshead of the test machine. Compliance in the load chain was characterised against an effectively rigid steel block of the same height as the tube samples. A corresponding compliance correction was then applied to all QSI tests.
Low-velocity impact
All controlled impacts were conducted on an Instron TM CEAST 9350 drop tower. For each impact some 10,000 data points were collected at a sampling frequency of 500 kHz. The configuration of the test was similar to the QSI test shown in Figure 1 with an impactor of identical geometry and the test specimens supported using the same V-groove block. Two lightly secured straps were used to retain the specimen in the support block during impact. A single impact was applied to each test specimen with secondary impacts prevented by the test machine.
Computed tomography
The CT scans were completed on a Nikon Metrology HMX scanner (225 kV X-ray source and Perkin-Elmer 1621 2048 Â 2048 pixel flat panel detector) at the m-VIS X-ray Imaging Centre, University of Southampton. A custom jig was used to offset the specimen from the centre of rotation to complete a local region-of-interest scan of sections of the sidewall ( Figure 2 ). An electron accelerating voltage of 170 kV was selected, with a tungsten reflection target and a beam current of 151 mA. A total of 3142 equiangular projections were acquired through 360 rotation of the sample, with 16 frames per projection taken to reduce noise. Three-dimensional reconstruction was performed using a filtered-back projection algorithm implemented in CTPro 3D. The resulting volumes have an isometric voxel size of 50 mm. Image processing and analysis was completed using the software packages ImageJ and VGStudio max 2.1 TM . In addition to detailed visual inspection of the CT data, two damage measurements were quantified for each inspection point: plastic deformation of the aluminium substrate and the damage area in the CFRP layer. Prior to taking these measurements all the datasets were linearly calibrated based on the first scan of the undamaged specimen in order to account for small variations between the CT scans. This process ensures the greyscale values were as consistent as possible across all datasets. The plastic deformation of the aluminium substrate was quantified in terms of the maximum residual dent depth. This was achieved by direct measurement of the greyscale values to ensure consistency in the selection of the transition between air and aluminium. The damage in the composite was quantified in terms of the projected damage area using a histogram-based segmentation process within the CFRP layer. This approach segments all the air within the CFRP layer, which includes both the damage caused by the indentation and the void content in the structure. By performing a projection through the wall thickness the damaged area was then clearly identifiable from the background void content. The damage area was segmented using a connected region analysis approach, consistent across all images.
Sample details
The COPVs tested in this study were specially manufactured for the purposes of this work, consisting of a 6061-T6 aluminium alloy substrate overwrapped by concentric layers of CFRP and GFRP. The specimens tested were 550 mm in length with layer thicknesses of 2, 5 and 1 mm for the aluminium, CFRP and GFRP, respectively, with a total outer diameter of 150 mm. The composite layers were filament wound in a combination of alternating circumferential and higher angle helical wraps onto the aluminium substrate and cured in a non-autoclave process. The CFRP layer consists of six plies and the GFRP of two plies. No internal pressure was applied to the COPV specimens during the testing process.
Experimental method
A total of six specimens were tested. Two were loaded in separate interrupted QSI experiments. Indentation was carried out ex situ to the CT scanner: after an initial scan in the undamaged condition, specimens were loaded to the first load step, unloaded and then rescanned. This process was repeated through successively increasing load steps. Four specimens were then impacted across a range of energy levels, selected to develop peak loads similar to the load steps of the QSI tests. Details of the energy, mass and velocity of the LVI tests are given in Table 1 . A total of 12 CT scans were completed in this study across the QSI and LVI test specimens. A list of the instances of damage inspection throughout the loading process is shown in Table 2 , normalised to the peak load (P f ) of the highest energy (120J) impact test. Figure 3 shows a comparison of the force-displacement response of a complete interrupted QSI test and the highest energy impact sample. Both loading regimes demonstrate a similar force-displacement response. An initial elastic phase was observed up to $1 mm displacement at which point a slope change occurred and a secondary regime of lower gradient continued up to $8 mm displacement. During this second phase some stiffening of the structure with increased applied loading/displacement was observed, which is likely to be due to the non-linear deformation of the shell structure of the pressure vessel wall. Near the point of peak loading, a load drop was observed, identified as: (i) in Figure 3 . This load drop was observed in both loading methods -see previous work 16 for further analysis on this aspect of the force-displacement response.
Results

Force-displacement behaviour
A plot of peak force versus peak displacement for all tests is presented in Figure 4 . The data for both loading methods demonstrate a strongly linear relationship with a correlation coefficient (R 2 ) of 0.99. The LVI load case demonstrates a consistent, slightly higher load than the QSI case for comparable displacements. The discrepancy in the peak loads between the two loading regimes is within 10%, similar to results reported by Bull et al. 11 in a comparable study of conventional CFRP plate (flat, composite only).
Damage assessment
A representative CT slice from the centre of the impact/ indent location for the highest load of the QSI tests and the highest energy impact case is shown in Figure 5 . Qualitative assessment of the CT slices indicates that close similarities exist between the damage states of the structure under the two loading conditions. Across all three images, in most cases the extent and nature of the plastic deformation in the aluminium and the CFRP damage show very similar behaviour. However, two notable differences are highlighted in Figure 5 (a). Marker (i) highlights that the outermost CFRP delamination shows a greater crack opening displacement in the QSI case by comparing this location to Figure 5(b) . It can also be seen that there is a larger local surface indentation under QSI than LVI for a comparable load, illustrated by marker (ii) and in comparison to Aluminium plastic deformation. Plastic deformation of the aluminium substrate was observed and its incidence quantified in terms of the residual dent depth. Figures 6  and 7 show the maximum dent depth measured in the aluminium substrate versus the peak indentor displacement and peak force, respectively. Both plots suggest a linear progression of aluminium dent depth above a threshold value, with very close correspondence between the two loading cases. When compared in terms of peak displacement, QSI and LVI show a particularly close correlation. When compared on a peak force basis there is a consistent slight discrepancy between QSI and LVI, i.e. a fractionally greater peak force is required to achieve the same depth of dent in the aluminium in the LVI case. It can also be seen from Figure 6 that plastic deformation of the aluminium substrate was not resolved in the lowest impact energy case, whilst deformation was seen in the equivalent QSI data, suggesting a slightly higher threshold value under LVI conditions. CFRP damage. Figures 8 and 9 show the projected damage area for three equivalent load steps for LVI and QSI specimen 1, respectively. In these throughthickness projections the damage area is clearly distinguishable from the background void content. The extent and morphology of CFRP damage is broadly similar between LVI and QSI loading regimes. Figures 10 and 11 show the measured area of composite damage in the CFRP layer versus the peak indentor displacement and peak force. Both plots demonstrate a linear progression of the delaminated area in the composite above a threshold value. No damage area was identifiable using the histogram-based segmentation and projected area technique in the lowest load/ impact specimens. However, detailed assessment of the raw scan data revealed that some intra-laminar micro cracking had occurred in both QSI specimens but not in the LVI case. Previous work has shown that the load drop seen at the upper part of the loading process can be attributed to fibre fracture directly under the indentor in the outermost CFRP ply. 16 Figure 12 confirms the presence of this damage feature in all CT scans in which a corresponding load drop was observed in the force-displacement tests under both QSI and LVI regimes. These cracks were tracked visually in the throughthickness direction. Evidence of the fibre fracture in these locations was present in 11, nine and 11 slices in the QSI 0.96 P f , 0.86 P f and LVI 1.0 P f scans, respectively, representing fibre fracture depths of 0.55, 0.45 and 0.55 mm.
Fibre fracture was also observed in the innermost CFRP ply, consistent with the principal tensile stress direction in the inner CFRP plies under a radial (bending) load, in some but not all higher load specimens. Figure 13 shows evidence of this fibre fracture under both LVI and QSI. Detailed visual inspection of the CT data in all three orthogonal planes showed evidence of this type of CFRP fracture in the LVI loaded samples at 0.76P f and 1.0 P f , and QSI specimen 2 at 0.86P f . There was no evidence of fibre fracture in any of the CT scans of QSI specimen 1. As such, variability between specimens may play a significant role in this failure mode, over and above the systematic effect of dynamic versus interrupted quasi-static loading.
Surface indentation. Figure 14 plots the indentation depth on the exterior surface of the specimens versus the applied load of each load step under QSI and LVI. It can be seen that QSI and LVI behave differently: a larger local surface indentation was observed under QSI loading in comparison to LVI. This response has previously been observed in CFRP plates. 17 In addition to the difference in contact time between the two loading regimes, the interrupted nature of the QSI test method also introduces an element of repeated loading in the same location. The differences observed in surface indentation depth may indicate that either contact duration or the repeated loading may indeed play some role in local indentation formation rather than simply the peak applied load. Surface indentation is not of primary concern to the residual performance of COPVs and as such is not considered as critical to the comparison on QSI and LVI in this case.
Discussion
As no similar results have been reported previously for COPVs, it is of interest to consider the current results in the wider context of structural composites. In the first instance, the definition of the 'low-velocity' regime is relevant; there are several different approaches discussed in the literature. Simple velocity-based limits are useful from a practical perspective; however, upper limits have been reported between 10 and 100 m/s. 2, 3 Other authors have presented phenomenological-based definitions: Robinson and Davies 18 suggest that an impact can be termed as 'low velocity' when the contribution of through-thickness stress waves to the overall response impact is negligible. Alternatively, Olsson 19 argues that impactor to target mass ratio is more important than velocity, concluding that 'large mass' impacts can be considered quasi-static. These definitions are not necessarily mutually exclusive: the nature of the impact tests conducted in this study is consistent with all the present 'low-velocity' definitions and the 'large-mass' regime.
The projected damage area metric used in this study (Figures 8 and 9 ) is a similar assessment approach to the ultrasonic C-scan measurements widely reported in composite plate impact studies, e.g. Kaczmarek and Maison 8 and Cartie and Irving. 20 The linear progression of delaminated area above a threshold loading observed in this study has been described in many previous studies of both CFRP and GFRP plates, e.g. see Bull et al., 11 Cartie and Irving, 20 Rydin et al., 21 but has not been reported previously for COPVs.
Comparison of the lowest energy impact scan with the lowest load QSI specimens indicates that the threshold value for the initiation of plastic deformation in the aluminium substrate may be higher under LVI (Figures 6 and 7) . Both QSI samples demonstrated the onset of damage, with a measured residual deformation of 0.2 mm (i.e. four voxels at the current scan resolution), at a lower load and displacement than the corresponding LVI cylinder in which no evidence of plastic deformation was resolved. A possible explanation for this is that during the initial phase of the loading process, when the aluminium layer remains in the elastic regime the support condition of the CFRP is substantially stiffer. The increased structural stiffness, during this initial phase, can be expected to result in a greater contribution of contact forces to the impact response in comparison to the global bending response during this part of the loading process. This may be significant for the QSI-LVI comparison, as discussed by Kaczmarek and Maison. 8 However, whilst the observed response provides preliminary evidence of a higher damage initiation threshold under LVI in COPVs, the differences observed in this study are within a range that could be anticipated from experimental scatter between specimens or local variation between different locations within a single specimen. Further investigation would be required to confirm this.
Above the initiation threshold, the damage development between the two loading regimes showed a slightly better correspondence when compared based on the peak indentor displacement rather than the peak force. The use of the compliance correction factor should mitigate any systematic error arising from different displacement measurement location between the two test machines. A possible explanation for the observed differences is that the peak force value may be affected by peaks of the oscillations in the force signal under the dynamic tests which are not present under quasi-static tests.
A further difference between the QSI and LVI tests completed in this study is the use of an interrupted test methodology for the QSI tests, compared with the continuous nature of the impact tests. An advantage of the interrupted method is that it reduces the effects of specimen-to-specimen variability; however, it also presents an opportunity for repeated indentations to introduce low-cycle fatigue. The force-displacement response of the QSI results demonstrates that the reloading curve returns to, or very close to, the previous level ( Figure  3 ), which indicates that the repeated loading is not significantly affecting the overall structural response. Further to this, if low-cycle fatigue effects were influencing the results this would be anticipated to manifest as an increase in the damage observed with increasing number of repeat QSI tests, which is not present in the data (Figures 6 and 10) .
Whilst the damage response of the CFRP in COPVs may be identified as broadly similar to that of a simple composite plate, the force-displacement response of the COPVs is notably different. The onset of non-linearity in the force-displacement response is followed by change in slope indicating a reduction in the structural (tangent) stiffness (Figure 3 ). The change in slope coincides with the initiation of two damage mechanisms: plastic deformation in the aluminium substrate ( Figure 6 ) and the onset of delamination in the CFRP (Figure 10 ). In CFRP plate specimens the onset of non-linearity in the force-displacement profile typically manifests as a load drop, rather than a smooth slope change. 2, 9, 22 This has also been observed in GFRP pipes of similar OD to the COPVs tested. 10 The slope change response observed in COPVs may be due to the contribution of the plastic deformation in the aluminium to the overall response of the structure, with studies of fibre metal laminates indicating that the majority of impact energy is in fact absorbed by the metal. 23 
Conclusion
The equivalence of QSI and LVI loading regimes on metal-lined COPVs of 150 mm OD has been tested using micro-focus computed tomography for subsurface damage assessment. The instrumented forcedisplacement response of the structures tested showed that under LVI the measured peak force was consistently within 10% of the equivalent QSI test and the overall damage response under QSI and LVI was very similar. Qualitative assessment of the damage in the most highly loaded samples indicates some slight differences between the two loading regimes, particularly evidenced by a larger local indent on the surface of the specimen and larger crack opening displacements. Quantitative assessment of two major subsurface damage mechanisms (projected delaminated area and the residual dent depth in the aluminium substrate) demonstrated a high degree of equivalence when assessed in terms of peak displacement. Both damage mechanisms demonstrate a linear progression with increasing indentor displacement above a threshold value. There is some evidence that the damage initiation threshold value may be slightly higher under LVI conditions; however, further statistical assessment would be required to confirm this.
This work demonstrates that QSI testing can be used as an analogue for LVI in the tested COPVs both in terms of force-displacement and the damage developed in the different material systems above the threshold of damage initiation.
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